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I. I n t r o d u c t i o n  

I n  t h i s  f i n a l  r e p o r t  w e  s h a l l  b r i e f l y  summarize t h e  

p r o g r e s s  of  r e s e a r c h  work conducted i n  t h e  p e r i o d  15 A p r i l  

1967 t o  1 February  1968 on NASA Grant NsG-290*. 

t h e  r e s e a r c h  work fo rmer ly  sponsored under t h e  G r a n t  (NsG-290) 

i s  now i n c l u d e d  under NASA Grant  NGR 33-018-090**. I n  t h e  

l a t t e r  program w e  have been c o n c e n t r a t i n g  on t h e  i n t e r a c t i o n s  

o f  l i t h i u m  i m p u r i t i e s  w i t h  r a d i a t i o n  - induced d e f e c t s ,  and 

t h e  o r i g i n a l  r e s e a r c h  program o f  Grant NsG-290 has  been f a c t o r e d  

A p o r t i o n  of  

i n t o  t h e  l i t h i u m  - a s s o c i a t e d  d e f e c t s  r e s e a r c h  program. 

The f o l l o w i n g  pe r sonne l  w e r e  a c t i v e l y  engaged i n  t h e  

r e s e a r c h  program. 

F a c u l t y :  D r .  John C. C o r e l l i  ( h a l f  t ime)  

Research  Techn ic i an :  M r .  James W. Westhead 

Gradua te  S tuden t s :  M r .  Arne  H .  Kalma (NASA T r a i n e e s h i p )  

M r .  d i l l i a m  Bohlke ( l e f t  June 1, 1967 w i t h  

M. S .  Degree) 

M r .  Robert  J .  E d e l s t e i n  (summer o n l y  1967) 

The program s u p p o r t e d  t h e  d o c t o r a l  r e s e a r c h  program of 

M r .  Arne H.  Kalma*** which w a s  completed i n  J anua ry  1968. The 

Ph.D. t h e s i s  submi t t ed  by M r .  K a l m a  w a s  t i t l e d :  

* M r .  Roger A .  Breckenr idge ,  NASA Langley Research Cen te r ,  
Hampton, V a . ,  w a s  t h e  t e c h n i c a l  monitor  f o r  Gran t  NsG-290 

** D r .  P a u l  H. Fang, NASA Goddard Space F l i g h t  Cen te r ,  Greenbe l t ,  
Md., i s  t h e  t e c h n i c a l  monitor  f o r  Grant  NGR 33-018-090. 

*** W i l l  spend  one yea r  1 A p r i l  1968 t o  1 A p r i l  1969,as a p o s t  
d o c t o r a l  r e s e a r c h  f e l l o w  a t  t h e  Univ. of  P a r i s ,  Ecole  Normale 
S u p e r i g u r e ,  L a b o r a t o i r e  de  Physique,  P a r i s ,  France.  
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I T  ho toconduc t i v i t y  I n c l u d i n g  S tress- Induced Dic h r o i s  i m  

of Defects  i n  S i l i c o n "  

A paper  based on t h e  t h e s i s  i s  being submi t t ed  f o r  p u b l i c a t i o n  

i n  t h e  P h y s i c a l  Review. Some of t h e  Pho toconduc t iv i ty  s t u d i e s  

i n  e l e c t r o n - i r r a d i a t e d  s i l i c o n  were r e p o r t e d  a t  t h e  San ta  Fe 

Conference on Rad ia t ion  E f f e c t s  i n  Semiconductors 3-5 October 

1967 and t h e  proceedings w i l l  be publ i shed  by Plenum P r e s s  (1968).  



3 

PHOTOCONDUCTIVITY STUDIES OF DEFECTS I N  SILICON USING STRESS- 

INDUCED DICHROISM TECHNIQUES 

A .  I n t r o d u c t i o n  

I n  ou r  l a s t  p r o g r e s s  r e p o r t ,  p r e l i m i n a r y  p h o t o c o n d u c t i v i t y  

s t u d i e s  were p r e s e n t e d .  S i n c e  then we have c a r r i e d  o u t  e x t e n s i v e  

exper iments  i n c l u d i n g  stress - induced d i ch ro i sm s t u d i e s  of  

d ivacancy  a s s o c i a t e d  energy  l e v e l s  i n  i r r a d i a t e d  s i l i c o n .  These 

exper iments  formed t h e  b a s i s  of  t h e  Ph.D. t h e s i s  o f  A .  H. K a l m a  

e n t i t l e d  "Pho toconduc t iv i ty  Inc lud ing  S t r e s s  - Induced Dichroism 

of Defects i n  S i l i c o n . "  Th i s  r e p o r t  w i l l  be  a b r i e f  rev iew o f  t h e  

r e s u l t s  o b t a i n e d  i n  t h e s e  s t u d i e s .  

B .  Expe r imen ta l  D e s c r i p t i o n  

A l l  samples  used  i n  t h i s  s tudy  were low oxygen c o n t a i n i n g  

( e/cm2) zone - re f ined  mater ia l .  The n- type material  w a s  

1 ohm-cm and t h e  p- type mater ia l  w a s  100 ohm-cm and 7100 ohm-cm. 

The samples  were i r r a d i a t e d  w i t h  b o t h  1 . 5  MeV and 50 MeV e l e c t r o n s .  

The s p e c t r o m e t e r  used t o  provide  monochromatic l i g h t  w a s  a 

Perk in-Elmer  model 98 monochromator equipped  w i t h  a LiF pr ism.  

An a i r t i g h t  box w a s  b u i l t  around t h e  monochromator and d r y  n i t r o -  

gen w a s  used t o  purge t h e  appa ra tus .  

The o p t i c a l  c r y o s t a t  used f o r  t h e  a p p l i c a t i o n  of  low 

t e m p e r a t u r e  stress has  been b r i e f l y  d e s c r i b e d  i n  t h e  p rev ious  

p r o g r e s s  r e p o r t .  

are shown i n  F i g .  1. 

t h e  sample t o  fill i n  roughness  and t o  a l l o w  f o r  s l i g h t  devia-  

The c r y o s t a t  t a i l  p i e c e  w i t h  t h e  sample h o l d e r  

Indium foil w a s  p l a c e d  a t  b o t h  ends of 



t i o n s  from pa ra l l e l  of t h e  p l anes  a t  bo th  ends.  

t h e  c r y o s t a t  t op .  The p l a t f o r m  insu red  t h a t  t h e  stress w a s  

a p p l i e d  d i r e c t l y  downward on t h e  c e n t e r  rod .  The f o r c e  was 

a p p l i e d  by l e a d  s h o t  hung i n  a bucket on t h e  end of a rod  t h a t  

ach ieved  a f o r c e  m u l t i p l i c a t i o n  f a c t o r  of s i x .  The whole i n n e r  

t ube  and rod  were r a i s e d  one i n c h  be fo re  s t r e s s i n g  so  t h a t  t h e  

sample  w a s  above t h e  c o l d  windows i n  case t h e  sample  s h a t t e r e d .  

F i g u r e  2 shows 

C.  R e s u l t s  and Discuss ion  

I n  n- type material i r r a d i a t e d  w i t h  1 . 5  MeV e l e c t r o n s ,  

energy  l e v e l s  l o c a t e d  a t  E,-0.39 eV and Ec-0.54 e V  have been 

i d e n t i f i e d  as be ing  a s s o c i a t e d  w i t h  t r a n s i t i o n s  from t h e  d iva-  

cancy.  

The technique  of measuring t h e  stress - induced d ichro ism 

a l lows  d e t e r m i n a t i o n  of  s e v e r a l  t h i n g s .  By de te rmining  t h e  sense  

of t h e  d i ch ro i sm f o r  v a r i o u s  s t r e s s  and i n c i d e n t  l i g h t  d i r e c t i o n s ,  

t h e  c o n f i g u r a t i o n  of t h e  d e f e c t  can be deduced. 

t h a t  t h e  d e f e c t  g i v i n g  r ise t o  the Ec-0.39 e V  and Ec-0.54 e V  

level h a s  a n  atomic symmetry around a (111) d i r e c t i o n  and a 

t r a n s i t i o n  d i p o l e  a long  a (110) d i r e c t i o n .  

W e  have found 

A l s o ,  t h e  energy l e v e l  shape can  be determined from t h e  

d i c h r o i s m  measurement. 

be t h e  same f o r  each  l i g h t  p o l a r i z a t i o n  and a l s o  f o r  t h e  

d i f f e r e n c e  i n  t h e  spectra measured w i t h  d i f f e r e n t  l i g h t  p o l a r i -  

z a t i o n s  and i n  a d d i t i o n  r e q u i r i n g  t h a t  tl-e d ichro ism of t h e  

ene rgy  l e v e l  be t h e  same a t  a l l  e n e r g i e s ,  t h e  energy  l e v e l  shape 

By r e q u i r i n g  t h a t  t h e  energy  l e v e l  shape 
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I 

of t h e  l e v e l  i n  q u e s t i o n  i s  determined. This  method i s  i l l u s t r a -  

t e d  i n  F igu re  3 where t h e  energy l e v e l  shape of bo th  E,-0.39 e V  

and Ec-0.54 e V  are shown. Both leve ls  have a sha rp  i n i t i a l  

r ise  i n  i o n i z a t i o n  and e l e c t r o n s  a r e  i o n i z e d  from them a t  a l l  

e n e r g i e s  h i g h e r  than  t h e  i n i t i a l  i o n i z a t i o n  energy .  (Quoted 

energy  l e v e l  p o s i t i o n s  are taken  t o  be t h e  energy  a t  which 

i o n i z a t i o n  f i r s t  t a k e s  p l a c e . )  This energy  l e v e l  shape sugges t s  

t h e  conc lus ion  t h a t  t h e  t r a n s i t i o n s  r e s p o n s i b l e  f o r  t h e  photo- 

c o n d u c t i v i t y  are from d e f e c t  s t a t e s  t o  t h e  conduct ion band. 

The a c t i v a t i o n  energy  of t h e  E,-0.39 e V  l e v e l  w a s  d e t e r -  

mined t o  be 1.25 e V  by i so the rma l  annea l ing  exper iments .  Both 

t h e  Ec-0.39 e V  and Ec-0.54 e V  l e v e l s  annea led  ou t  i s o c h r o n a l l y  

i n  the  t e m p e r a t u r e  r eg ion  around 300OC. The atomic stress- 

induced r e o r i e n t a t i o n  annealed out  i s o c h r o n a l l y  a t  150OC. The 

two l e v e l s  are independent of chemical s p e c i e s  ( A s ,  Sb, o r  P )  

of dopant .  I f  t h e  F e r m i  l e v e l  was aboveNEc-0.22 e V ,  t h e  

Ec-0.54 e V  l e v e l  w a s  no t  observed and t h e  E,-0.39 e V  l e v e l  was. 

I f  t h e  Fermi l e v e l  w a s  belowruEc-0.22 e V ,  on ly  t h e  Ec-0.54 e V  

level  w a s  observed.  However, i f  wh i t e  l i g h t  w a s  shone on t h e  

sample a t  t h e  same t i m e  t h a t  t h e  spectrum w a s  measured, bo th  

levels  w e r e  observed .  

Fermi l e v e l  neartvEC-0.22 e V  s o  both  l e v e l s  were observed . )  

(The sample shown i n  F ig .  3 had t h e  

These r e su l t s  l e a d  t o  t h e  conclus ion  t h a t  t h e  E,-0.39 e V  

and Ec-0.54 e V  l e v e l s  a r e  a s s o c i a t e d  w i t h  t h e  doubly n e g a t i v e  and 

s i n g l y  n e g a t i v e  charge  s ta tes  of t h e  divacancy r e s p e c t i v e l y .  
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The pho toconduc t iv i ty  band c e n t e r e d  a t  3 . 9  microns i n  

i r r a d i a t e d  p- type s i l i c o n  has  been i d e n t i f i e d  by Cheng(2,3)as 

be ing  a s s o c i a t e d  w i t h  t h e  s i n g l y  p o s i t i v e  charge  s t a t e  of t h e  

divacancy.  Due t o  t h e  shape of  t h e  band, he has  e x p l a i n e d  i t  

as an e x c i t a t i o n  from t h e  ground s ta te  t o  an  e x c i t e d  s t a t e  of 

a d e f e c t  fo l lowed by decay of a hole from t h e  empty ground s ta te  

t o  t h e  va l ence  band. The samples used by Cheng were boron doped. 

W e  have observed t h i s  same band i n  nominal ly  undoped, 7100 ohm-cm 

s i l i c o n  a f te r  i r r a d i a t i o n  and subsequent a n n e a l i n g .  This  i s  

shown i n  F i g .  4 .  

The reason  t h a t  t h e  band w a s  no t  s e e n  immediately a f t e r  

i r r a d i a t i o n  i n  t h i s  h igh  r e s i t i v i t y  material i s  t h a t  t h e  F e r m i  

l eve l  w a s  t o o  h igh .  The band is  only observed i f  t h e  F e r m i  

l e v e l  i s  c l o s e r  t o  t h e  va l ence  band thanw Ev+0.26 e V .  

The o b s e r v a t i o n  of  t h e  3 . 9  micron pho toconduc t iv i ty  

band i n  undoped, p- type s i l i c o n  s t r e n g t h e n s  t h e  conc lus ion  

t h a t  i t  i s  a s s o c i a t e d  w i t h  t h e  divacancy.  

The dominant d e f e c t  pho toconduc t iv i ty  observed i n  45-50 MeV 

e l e c t r o n - i r r a d i a t e d  s i l i c o n  has  been found t o  be an "energy 

band" t h a t  ex tends  from t h e  band edge down t o  an energy of 

about  0 . 3  e V .  This  is  i n  c o n t r a s t  w i t h  1 .5  MeV e l e c t r o n  

i r r a d i a t i o n s  where t h e  dominant d e f e c t  pho toconduc t iv i ty  w a s  

, produced by s i n g l e  l e v e l s .  These two d i f f e r e n t  e f f e c t s  a r e  
I shown i n  F i g .  5. 
I 

I A r e a s o n a b l e  exp lana t ion  of t h e  d i f f e r e n c e  i s  t h a t  45 MeV 

j e l e c t r o n s  produce d i s o r d e r e d  r eg ions  i n  s i l i c o n  and 1 . 5  MeV 
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e l e c t r o n s  do n o t .  These d i s o r d e r e d  r eg ions  would d e s t r o y  some 

of t h e  l a t t i ce  p e r i o d i c i t y  which would have t h e  e f f e c t  of des- 

t r o y i n g  t h e  sha rp  d i v i s i o n  between t h e  fo rb idden  and al lowed 

e n e r g i e s  a t  t h e  band edges.  Th i s  would p u t  a cont inuous  spec-  

trum of a l lowed m e r g i e s  i n  t h e  forb idden  gap ex tending  from 

t h e  band edges i n t o  t h e  gap. S i m p l e  d e f e c t s  induced by 1 . 5  MeV 

e l e c t r o n s  are a l s o  d i s o r d e r  of a s o r t  and would cause  t h e  same 

e f f e c t  b u t  t o  a much lesser degree than the  45 MeV e l e c t r o n  

induced d i s o r d e r e d  r e g i o n s .  The "energy band" observed i n  1 .5  

MeV e l e c t r o n  i r r a d i a t e d  samples  extends on ly  down t o  about  

0 .8  e V  and  is  much smaller i n  magnitude t h a t  i s  t h e  c a s e  f o r  

45 MeV e l e c t r o n s .  

Fol lowing t h e  s u g g e s t i o n  of Vavilov, ( 4 )  w e  have drawn a 

schemat ic  t o  r e p r e s e n t  t h e  measured dec rease  i n  fo rb idded  gap 

energy  r e s u l t i n g  from 45-50 MeV e l e c t r o n  i r r a d i a t i o n s .  

Schematic diagrams of t h e  forbidden gap change of shape 

are g i v e n  f o r  1 .5  MeV and 45 MeV e l e c t r o n s .  



EFFECT OF 50 MeV ELECTRONS ON THE ULTIMATE FERMI LEVEL I N  GERMANIUM 

This  work has  been w r i t t e n  up i n  a paper  submi t t ed  f o r  

p u b l i c a t i o n  i n  t h e  J o u r n a l  of Applied P h y s i c s .  

g i v e  o n l y  t h e  a b s t r a c t  o f  t h e  paper  s i n c e  p r e p r i n t  c o p i e s  have 

been s u b m i t t e d  t o  NASA p r e v i o u s l y .  (27 October  1967).  

Here we s h a l l  

P- type germanium doped w i t h  g a l l i u m  and  indium t o  res is t i -  

v i t i e s  r a n g i n g  from 0.001 t o  30 ohm-cm and n- type germanium 

doped w i t h  antimony and a r s e n i c  t o  r e s i s t i v i t i e s  r ang ing  from 

0 .1  t o  30 ohm-cm were i r rad ia ted  w i t h  50 MeV e l e c t r o n s  t o  

v a r i o u s  doses  up t o  a maximum t o t a l  i n t e g r a t e d  f l u x  o f  1 .0  x 1019 

e / c m  . Elec t r i ca l  measurements were performed t o  de te rmine  

1 

2 

I 
, t h e  e f f e c t  of i r r a d i a t i o n  on t h e  tempera ture  dependence (78  t o  , 

I 320°K) of  t h e  c o n d u c t i v i t y ,  c a r r i e r  c o n c e n t r a t i o n ,  and Fermi 

l e v e l .  A f t e r  i r r a d i a t i o n  t o  r e l a t i v e l y  h i g h  doses  (2 
e / c m  ) b o t h  t y p e s  of germanium reach  a s a t u r a t i o n  i n  t h e  h o l e  

c o n c e n t r a t i o n  which i s  accompanied by an  u l t i m a t e  v a l u e  f o r  

t h e  Fermi leve l  a t  Ev + 0.220 -. + 0.010 e V  f o r  a l l  samples 

s t u d i e d .  Comparison o f  t h i s  r e s u l t  w i t h  s t u d i e s  made u s i n g  

10 MeV d e u t e r o n s : a n d  f a s t  neut rons  shows t h a t  t h e  p o s i t i o n  o f  

t h e  u l t i m a t e  Fermi level  s t r o n g l y  depends on t h e  damaging o r  

" d i s o r d e r i n g "  c a p a b i l i t i e s  of  t h e  i n c i d e n t  r a d i a t i o n .  

t h a t  the u l t i m a t e  Fermi l e v e l  i s  p o s i t i o n e d  c l o s e r  t o  t h e  

v a l e n c e  band as a r e s u l t  of i r r a d i a t i o n  by p a r t i c l e s  c a p a b l e  of  

i m p a r t i n g  a l a r g e r  maximum r e c o i l  ene rgy  t o  t h e  germanium atom. 

F i n a l l y ,  a comparison is  made f o r  germanium i r r a d i a t e d  by Co60 

gama r a y s  and 4.5 MeV e l e c t r o n s  which do n o t  produce d i s o r d e r e d  

2 

I 

We f i n d  
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r eg ions  and i t  i s  found t h a t  t h e  u l t i m a t e  Fermi l e v e l  i s  pinned 

t o  a s i n g l e  l e v e l  a t  E, + 0.25 e V  f o r  Co60 gamma r a y s  and a t  

E, + 0.22 e V  f o r  e l e c t r o n s .  

INFRARED ABSORPTION STUDIES OF 45-50 MeV ELECTRON IRRADIATED 

HEAVILY DOPED SILICON 

This  work w a s  s t a r t e d  w i t h i n  t h e  p a s t  yea r  and has  been 

d i s c o n t i n u e d  f o r  t h e  p r e s e n t  t i m e  because of program termina-  

t i o n .  

The r e s e a r c h  work involved  i n  t h i s  s t u d y  w a s  t o  de te rmine  

t h e  i m p u r i t y  a s s o c i a t e d  r ad ia t ion - induced  d e f e c t s  by i n f r a r e d  

spec t rosocopy  measurements on s i l i c o n  samples doped t o  r e l a t i v e l y  

h igh  c o n c e n t r a t i o n s  w i t h  B i ,  A s ,  B 0, and P. The r e s i s t i v i t y  

range  s t u d i e d  w a s  from 0 . 1  t o  0 .01  ohm-cm. The samples were 

i r r a d i a t e d  t o  t o t a l  i n t e g r a t e d  45-50 MeV e l e c t r o n  f l u x e s  of 

- 2  x 1018e/cm2 w i t h  t h e  sample  tempera ture  kep t  a t  =32O0K 

d u r i n g  exposure .  A l l  i n f r a r e d  s p e c t r a  w e r e  measured a t  800K 

i n  t h e  work t o  be r e p o r t e d .  

I n  F i g .  7 i s  shown t h e  i n f r a r e d  spectra f o r  a 0 .01  ohm-cm 

phosphorus  doped s i l i c o n  sample ( F l o a t i n g  Zone) b e f o r e  a n n e a l  

and a f te r  15 minute annea l s  a t  1 3 5 O C  and a t  145%. The marked 

d e c r e a s e  i n  t r a n s m i s s i o n  a f t e r  t he  h e a t  t r e a t m e n t s  arises char -  

a c t e r i s t i c a l l y  from a b s o r p t i o n  by f r e e  c a r r i e r s  which are 

released from r a d i a t i o n - i n d u c e d  d e f e c t  t r a p s  upon annea l .  The 

l a r g e  a b s o r p t i o n s  i n  t h e  range 2600 c m - 1  t o  3650 cm'l (curve  

marked "135°C't) are i n  t h e  wavelength r e g i o n  of t h e  spectrum 

where t h e  i n f r a r e d  a b s o r p t i o n  bands due t o  t h e  divacancy d e f e c t  
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are observed.  (5) 

were a l s o  ob ta ined  f o r  t h e  0.Olfl-cm Bi-doped p u l l e d  s i l i c o n  

c r y s t a l s .  

w e  can n o t  conclude t h a t  a r a d i a t i o n - i n d u c e d  i m p u r i t y - a s s o c i a t e d  

band i s  formed i n  t h e  2.5 t o  50 wavelength range .  However, i t  

i s  c l e a r  from t h e  r e s u l t s  of F ig .  7 t h a t  some impur i ty  dependent 

a b s o r p t i o n  may be p r e s e n t  between 2600 cm-l t o  

w e  never  observed such l a r g e  abso rp t ions  i n  s i m i l a r  i r r a d i a t i o n s  

w i t h  s i l i c o n  c o n t a i n i n g  % l o 0  t i m e s  h i g h e r  donor impur i ty  c o n c e n t r a t i o n  

R e s u l t s  similar t o  t h o s e  shown i n  F i g .  7 

S ince  no f u r t h e r  work has  been done on t h e s e  samples  

/ " / "  

3500 cm' l  s i nce  

The w e l l  known6, $ 8  r a d i a t i o n - i n d u c e d  oxygen-vacancy complex 

i n  s i l i c o n  ( t h e  A-center)  g i v e s  r i s e  t o  a v i b r a t i o n a l  a b s o r p t i o n  

band a t  832 cm'l .  

oxygen-containing ( ~ I O 1 7 c m - 3 )  s i l i c o n  which i s  p u l l e d  from 

t h e  m e l t  w i t h o u t  f u r t h e r  re f inement .  I n  F i g .  8 i s  shown t h e  

spec t rum of  a 0.Oln-crn bismuth-doped p u l l e d  s i l i c o n  sample 

V-2 a f t e r  i r r a d i a t i o n  b u t  b e f o r e  any h e a t  t r e a t m e n t .  The only  

a b s o r p t i o n  band of i n t e re s t  t o  us i s  t h e  r a d i a t i o n - i n d u c e d  band 

a t  832 c m - 1  t h e  s o - c a l l e d  A-center band. The band a t  1125 c m - I  

is  t h e  normal o x y g e n - i n t e r s t i t i a l  v i b r a t i o n a l  band wh i l e  t h e  

band a t  518 c m - 1  i s  due t o  an e l e c t r o n i c  t r a n s i t i o n  from t h e  

1s s ta te  of t h e  bismuth donor impur i ty ,  t h e  o t h e r  bands are 

normal l a t t i c e  v i b r a t i o n a l  bands which are c h a r a c t e r i s t i c  of 

t h e  s i l i c o n  l a t t i ce .  

The 832 cm-l band i s  only  observed i n  h igh  

The sample whose spectrum i s  g iven  i n  F i g .  8 w a s  s u b j e c t e d  

t o  15 minute  h e a t  t r e a t m e n t s  a t  the  fo l lowing  tempera tures  ( i n  

d e g r e e s  c e n t i g r a d e )  104, 116, 128, 140, 152, 165, 204,  and 250. 



I n  F ig .  9 w e  show t h e  spectrum measured on sample  V-2 a f t e r  t h e  15 

minute h e a t  t r ea tmen t  a t  250%. We now f i n d  t h a t  a new band a t  882cm-1 

has  evolved  and t h e  832cm-1 abso rp t ion  band has decreased  i n  i n t e n s i t y .  

The decay and growth of oxygen-associated d e f e c t  bands i s  now 

w e l l  known f o r  b o t h  s i l i c o n  6 , 7 ) 8  and germanium,9~1L0 and r e f l e c t s  

t h e  complex s t r u c t u r e s  t h a t  are produced by d e f e c t s  (vacanc ie s ,  

i n t e r s t i t i a l s  i m p u r i t i e s  e t c . , )  as t h e y  mig ra t e  through t h e  l a t t i c e  

and  i n t e r a c t  with i m p u r i t i e s .  The s i g n i f i c a n t  r e s u l t  g iven  i n  both 

F i g s .  8 and 9 i s  t h e  l a r g e  pronounced a b s o r p t i o n  of t h e  d e f e c t  

bands a t  832 cm'l and a t  882 cm-l compared t o  t h e  magnitude of 

t h e  a b s o r p t i o n  of  t h e  normal oxygen impur i ty  band a t  1125 cm-l. 

I n  F i g .  10 w e  show t h e  s p e c t r u m  from 400 cm-' t o  1200 cm-' 

of a p u l l e d  Bi-doped (0.01 ohm cm) s i l i c o n  sample (V-2) a f t e r  

15 minutes  a t  each  of t h e  temperatures  shown. The sample was 

i r r a d i a t e d  a t  300°K t o  a t o t a l  dose of 

e l e c t r o n s ) .  

well-known l a t t i c e  bands of s i l i c o n ,  wh i l e  t h e  band a t  1125 cm-I 

i s  c h a r a c t e r i s t i c  of p u l l e d  s i l i c o n  and represents t h e  v i b r a t i o n a l  

band of i n t e r s t i t i a l  oxygen i n  s i l i c o n .  

a t  

1S+2p. 

c m - 1  and  832 cm-' (A-center ) .  

a t  882 cm-l grows upon 

w e  show t h e  spectrum of a p u l l e d  Bi-doped sample  V-3 ca t  from t h e  

same i n g o t  as t h e  one whose results are p r e s e n t e d  i n  F i g .  10 

e x c e p t  t h a t  t h e  sample w a s  i r r a d i a t e d  t o  a lower dose ( 4  N I018e/cm2) 

2 x 1 O I 8  e / c m 2  (48 MeV 

735 cm-I and 612 cm-l are The a b s o r p t i o n  bands a t  

The a b s o r p t i o n  band 

511  cm' l  i s  c h a r a c t e r i s t i c  of t h e  bismuth donor'' t r a n s i t i o n  

Our main concern w i l l  be t o  focus on t h e  bands a t  882 

Note t h a t  i n  F ig .  10 t h e  band 

h e a t  treatmeOt t o  204OC. I n  F i g .  11 



1 2  

of 48 MeV e l e c t r o n s  compared t o  2 ~ 1 0 ~ 8  e / c m 2  f o r  sample V-2 .  

It is  most s t r i k i n g  t o  n o t e  t h e  d isappearence  of t h e  A-center  

a t  1526C s i n c e  many  researcher^$^^^^^^^ i n c l u d i n g  work performed 

i n  our  l a b o r a t o r y ,  has  shown t h a t  t h e  annea l ing  tempera ture  i s  

350OC. For same t i m e  i t  was be l i eved  t h a t  t h e  A-center  band 

w a s  v i b r a t i o n a l  i n  n a t u r e  and appeared i n  oxygen c o n t a i n i n g  

s i l i c o n  as a r ad ia t ion - induced  d e f e c t  independent  of t h e  p o s i t i o n  

of t h e  Fermi l e v e l .  The r e s u l t s  shown i n  F igs  10 and 11 do no t  

a g r e e  w i t h  t h e  conc lus ion  of the F e r m i  l e v e l  dependence and 

q u i t e  n a t u r a l l y  ra i se  some important  b a s i c  q u e s t i o n s .  It i s  

our  i n t e n t i o n  t o  r e t u r n  t o  t h i s  problem a t  a la te r  d a t e  when 

funds and manpower are a v a i l a b l e .  We s h a l l  no t  g i v e  f u r t h e r  con- 

c l u s i o n s  on t h i s  f i n d i n g  he re .  



F i g u r e  1. 

F igure  2 .  

F i g u r e  3 .  

F i g u r e  4 .  

F i g u r e  5 

F i g u r e  6 

F i g u r e  7 

F i g u r e  8 

F i g u r e  9 

Figure  Capt ions 

L i q u i d  Helium C r y o s t a t  T a i l  P i e c e  w i t h  t h e  

Sample Holder .  

C r y o s t a t  Top w i t h  t h e  P l a t f o r m  f o r  t h e  App l i ca t ion  

of  S t r e s s .  

Dichroism a f t e r  S t r e s s  of 1770 kg/cm2 a t  157OC 

f o r  15  Minutes Exh ib i t ed  by a Phosphorus-Doped, 

1 Ohm-Cm Sample I r r a d i a t e d  w i t h  4 x 

1 . 5  MeV.  

I s o c h r o n a l  Annealing of a High R e s i s t i v i t y ,  7100 

Ohm-Cm Sample I r r a d i a t e d  w i t h  

C o n t r a s t  Between 1.5 MeV and 50 MeV E l e c t r o n  

I r r a d i a t e d ,  Phosphorus-Doped, 1 Ohm-Cm S i l i c o n .  

Schematic of t h e  Decrease i n  Forbidden Gap Energy 

R e s u l t i n g  from 45 MeV and 1 . 5  MeV E l e c t r o n  I r r a d i a t i o n s  

(Fol lowing V a ~ i l o v ( ~ ) ) .  

I n f r a r e d  s p e c t r a  of 0 . 0 1  ohm-cm s i l i c o n  (FZ) p-doped 

a f t e r  i r r a d i a t i o n  by 48 MeV e l e c t r o n s ,  t h e  spec t rum 

i s  shown b e f o r e  annea l  and a f t e r  15 minute h e a t  t reat-  

ment a t  135OC and 145OC. 

I n f r a r e d  spectrum of p u l l e d  0 .01  ohm-cm Bi-doped 

s i l i c o n  a f t e r  48 MeV e l e c t r o n  i r r a d i a t i o n  t o  

e/cm2 ( s a m p l e  v-2) be fo re  annea l ing .  

I n f r a r e d  spectrum of p u l l e d  0 .01  ohm-cm Bi-doped 

s i l i c o n  a f te r  48 MeV e l e c t r o n  i r r a d i a t i o n  t o  

e/cm2 a t  

e/cm2 a t  1 .5  M e V .  

2 X 
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2 x 1OI8 e/crn2 (sample V-2) a f t e r  15 minute  a n n e a l i n g  

a t  250OC. 

I n f r a r e d  s p e c t r a  o f  p u l l e d  0.01 ohm-cm Bi-doped 

s i l i c o n  a f t e r  48 MeV e l e c t r o n  i r r a d i a t i o n  and 

a n n e a l i n g  f o r  15 minutes  a t  each  of t h e  i n d i c a t e d  

t empera tu res .  (sample V-2)  

F i g u r e  10 

F i g u r e  11 I n f r a r e d  s p e c t r a  of p u l l e d  0 .01 ohm-cm Bi-doped 

s i l i c o n  a f te r  48 M e V  e l e c t r o n  i r r a d i a t i o n  t o  

&1018e/cm2 and annea l ing  f o r  15 minutes  a t  each  

of  t h e  t empera tu res  i n d i c a t e d .  
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